Abstract. Isocitrate dehydrogenase 1/2 (IDH)1/2 mutations are frequently detected in glioma. The aim of the present study was to investigate the association between IDH1/2 mutations and glioma grades. The current study was retrospective and used samples from 206 patients with brain glioma and 9 patients with spinal cord glioma as a control. Patients were diagnosed and graded according to the World Health Organization classification of tumors of the central nervous system. The association of patient age with glioma grade was evaluated, and IDH1/2 mutations were also examined and analyzed in different grades. On average, brain glioma grade tended to increase with increasing patient age; patients with grade IV (primary) gliomas had a significantly higher mean age than those with grades I and II (P<0.05), and patients with grade II glioma had a significantly lower mean age than those with grade III (P<0.05). The majority of brain gliomas with mutations in IDH1/2 in grade II, II-III and III occurred in adults, rather than adolescents. IDH1/2 mutations occurred most frequently in grade II, II-III and III gliomas, and these mutation frequencies differed significantly between brain glioma grades (P<0.001). In summary, mutations in IDH1/2 were associated with grade II, II-III and III brain gliomas, and possibly with the progression of brain glioma from grade II to grade III.
Introduction
Primary malignant brain tumors have the third highest cancer-associated mortality and morbidity rates among individuals worldwide (1) . Malignant glioma is the most frequent intra-axial primary malignant brain tumor (2) . There are ~22,500 new cases of primary malignant brain tumor among adults per year in the United States, of which 70% are malignant gliomas (3) . Malignant gliomas occur in all age groups, but are most prevalent in adults aged >45 years (4) .
Gliomas can be classified as grade I to IV on the basis histological features and genetic alterations, as defined by the World Health Organization (WHO) (5) . In general, grade I gliomas are biologically benign and can be removed by surgical resection. Although grade II gliomas are considered to be low-grade malignancies, they may not be totally resectable. Grade III gliomas are invasive and aggressive, characterized by quick progression and poor patient outcome. Grade IV tumors, also known as glioblastoma multiforme (GBM), are the most invasive form and are associated with a poor prognosis (6, 7) . There are two types of GBM: Primary GBM and secondary GBM. Secondary GBMs are defined as tumors that have clinical, radiologic, or histopathological evidence of malignant progression from a preexisting lower-grade tumor, whereas primary GBMs have no such history and present at diagnosis as advanced cancer (8) . Despite the development of various therapeutic strategies, including surgical resection, radiation and adjuvant chemotherapy, the prognosis for patients with malignant glioma remains poor; the median overall survival time for patients with GBM is only 15 months (9). As such, the development of a more effective therapy for malignant glioma is required.
Parsons et al (8) found that ~12% of GBM patients had a mutation in the isocitrate dehydrogenase (IDH) 1 gene; in >90% of these patients, this mutation was R132H. However, there are also other IDH1 mutations at codon 132, including R132S, R132C and R132L (10) . IDH1 is located on chromosome 2q33 and encodes the IDH1 enzyme, which catalyzes the oxidative carboxylation of isocitrate to α-ketoglutarate, giving rise to the generation of nicotinamide adenine dinucleotide phosphate (NADPH). A growing body of evidence suggests that high rates of spontaneous mutations are found in the gene encoding cytosolic NADP + -dependent IDH1 in glioma (11, 12) . Tumors without an IDH1 mutation often exhibit a mutation at amino acid position 172 in the mitochondrial NADP + -dependent IDH2 (R172). The IDH2 gene is located on 15q26.1 and the most frequent mutation is R172K (13) . IDH2 mutations at R172 include R172K, R172W and R172M (14). IDH1/2 mutations are associated with poor prognosis in glioma patients (15, 16) . Mutant IDH1 may boost glioma growth and suppress glioma cell differentiation (17) . It is therefore of considerable importance to understand the association between IDH1/2 mutations and glioma progression.
The present study aimed to elucidate the association between IDH1/2 mutations and glioma grades. A total of 206 samples from patients with brain glioma and 9 samples from patients with spinal cord glioma (as a control) were analyzed. IDH1/2 mutations, their frequency in glioma grades and the association between patient age and glioma grade were examined. The data obtained here could aid in improving understanding of the role of IDH1/2 mutations in glioma. 
Materials and methods

Tumor
DNA extraction and polymerase chain reaction (PCR) amplification for IDH1/IDH2 sequencing.
Tumor areas in unstained histological sections were manually micro-dissected using sterile scalpels. Using the EZNA Tissue DNA kit (Omega Bio-Tek, Inc., Norcross, GA USA), DNA was isolated from tumor tissue according to the manufacturer's instructions.
For PCR, isolated DNA (1 µl) was added to 100 µl of PCR reaction solution. The primer sequences were as follows: IDH1 forward, 5'-CGG TCT TCA GAG AAG CCA TT-3'; IDH1 reverse, 5'-GCA AAA TCA CAT TAT TGC CAA C-3'; IDH2 forward, 5'-CCA CTA TTA TCT CTG TCC TC-3'; and IDH2 reverse, 5'GCT AGG CGA GGA GCT CCA GT3'. PCR with IDH1 primers generated a 129-bp product, whereas the IDH2 primers generated a 118-bp product. PCR amplification was conducted using a SYBR Premix Taq™ kit (Takara Bio, Inc., Otsu, Japan). The reaction mixture underwent an initial denaturation step at 95˚C for 5 min, and then 40 cycles of amplification, which consisted of 95˚C denaturation for 30 sec, 60˚C annealing for 30 sec, and 72˚C extension for 30 sec.
IDH1/IDH2 were sequenced using a semi-automated sequencer (Applied Biosystems 3100 Genetic Analyzer; Thermo Fisher Scientific, Inc., Waltham, MA, USA) as well as Sequence Pilot version 3.1 software (JSI Medical Systems GmbH, Ettenheim, Germany), as described previously (19) .
Statistical analysis. Data are expressed as the mean ± standard deviation. Statistics analysis was performed using SPSS v.16 (SPSS, Inc., Chicago, IL, USA). The association between the disease grade classification and patient age was examined by one-way analysis of variance. A pairwise comparison of means was performed using the least-significant difference test. The associations between the disease grade classification and IDH1/IDH2 mutation frequencies were evaluated using a Wilcoxon rank-sum test. P<0.05 was considered to indicate a statistically significant difference.
Results
Association between brain glioma grade classification and patient age. The ages of the patients grouped according to brain glioma grade were analyzed. The mean ages for patients with tumors of grade I, II, II-III, III, IV (primary GBM) and IV (secondar y GBM) were 32.67±15. 16 (Table I) . Increased glioma grades tended to be association with increased age. Significant differences in mean age were observed between grades I and IV (primary) glioma (P=0.025), between grades II and III glioma (P=0.049), and between grades II and IV (primary) glioma (P=0.003). Thus, patients with grade IV (primary) were significantly older on average than patients with grade I and II disease. Additionally, patients with grade II glioma were significantly younger than those with grade III disease.
IDH1/IDH2 mutation frequencies. IDH1/2 mutations were detected in tissue specimens from each patient (Fig. 1) , and the mutation frequencies were determined (Table II) . No mutations in IDH1 or IDH2 were detected in samples from patients with grade I brain glioma (n=6). In grade II samples (n=66), IDH1 mutations were observed in 44 cases (66.67%), and IDH2 mutations were detected in 4 cases (6.06%). There were 11 instances of IDH1 mutations (42.31%) and 4 cases of IDH2 mutations (15.38%) among the grade II-III gliomas (n=26). Of the 61 cases of grade III glioma, 34 and 3 cases exhibited IDH1 and IDH2 mutations, respectively (55.74 and 4.92%). The total frequencies of IDH1/2 mutations in grade II, II-III and III gliomas were 72.73, 57.69 and 60.66%, respectively. The overall IDH1/2 mutation frequency in grade II, II-III and III gliomas was 65.36%.
In the 43 samples of grade IV primary GBM, there were 3 and 2 cases that exhibited mutations in IDH1 (6.98%) and IDH2 (4.65%), respectively. By contrast, in the 4 samples of grade IV secondary GBM, there were 2 IDH1 mutations (50.00%) and no IDH2 mutations observed. The total frequencies of IDH1/2 mutations for grade IV primary GBM and grade IV secondary GBM were 11.63 and 50.00%, respectively.
It should be noted that IDH1 and IDH2 mutation frequencies in grade II, II-III and III brain gliomas were higher than those in grades I and IV. By contrast, no mutations in IDH1 or IDH2 were observed in any of the 9 spinal cord gliomas. These data suggested that IDH1 and IDH2 mutations were more likely to occur in grade II, II-III and III brain gliomas.
Association between IDH1/2 mutation frequencies and brain glioma grade. Next, the association between IDH1/IDH2 mutation frequency and brain glioma grade was analyzed. Wilcoxon rank sum test revealed that IDH1/2 mutation frequencies differed significantly between the different grades of brain glioma (Z=-4.388, P<0.001; Table II ). The frequency of IDH1/2 mutations was higher in grade II gliomas than in grade II-III and III gliomas, yet was higher in grade III than in grade II-III gliomas. The data suggested that IDH1/2 mutations were associated with grade II, II-III and III brain gliomas, and may be involved with the progression of brain glioma from grade II to III.
Discussion
Malignant glioma remains a considerable threat to human health worldwide, and the prognosis of patients with high-grade malignant glioma is poor. Since IDH1/2 mutations have been detected in a number of GBM patients (9), the functions of IDH1/2 mutations in glioma are of interest. The present study found that IDH1/2 mutations were frequent in grade II, II-III and III brain gliomas. Furthermore, IDH1/IDH2 mutation frequencies were significantly different among grade II, II-III and III, suggesting the mutations may be associated with the progression of brain glioma from grade II to grade III.
IDH1/2-mutant tumors are reported to primarily occur in adolescents rather than younger children or adults (19, 20) . However, the present study found that the mean ages of patients with grade II, II-III and III disease were 38.55±14.24, 41.08±14.69 and 43.82±15.31 years, respectively, suggesting that the majority of IDH1/2-mutated gliomas occurred in adults. Ethnic and regional differences between study groups may explain these paradoxical results, while limited sample size could be another reason. Increasing glioma grade appeared Table I . Analysis of variance for the associations between patient age and different grades of brain glioma. to be somewhat correlated with increasing patient age. On average, patients with grade IV (primary) gliomas were significantly older than those with grade I and II gliomas, and patients with grade III gliomas were significantly older than those with grade II gliomas. However, a larger sample size is required to validate the results of the present study.
P-value for pairwise comparison -----------------------------------------------------------------------------------------------------------------------------------------------------
There is growing interest in the frequency of IDH1/2 mutations in different types of glioma (21) . A few studies have reported on IDH1/2 mutation frequencies in different grades of oligodendroglioma and astrocytoma (19, 22, 23) . Unlike these studies, the present research specifically focused on the association between IDH1/2 mutation frequency and different grades of brain glioma, regardless of the histopathological type. IDH1/2 mutations occurred more often in grade II, II-III and III gliomas (72.73, 57.69 and 60.66%, respectively) than in grade I or IV gliomas. The overall IDH1/2 mutation frequency for grades II, II-III and III was 65.36%. No mutations were detected in grade I gliomas. The present results revealed that IDH1/IDH2 mutation frequencies were significantly different between glioma grades II, II-III and III, suggesting that the mutations may be associated with the progression of brain gliomas from grade II to grade III.
A previous study examining 321 gliomas revealed that IDH1 mutations were present in 82% of patients with secondary GBM (n=34), but only 5% of patients with primary GBM (n=59) (24) . Similarly, the present study also revealed a sharp discrepancy in IDH1 mutation frequency between secondary and primary GBM. IDH1 mutation was detected in 2 (50.00%) of 4 secondary GBM cases, and 3 (6.98%) of 43 primary GBM cases. The discrepancy in IDH1 mutation frequency in the same GBM types between the two studies may be attributed to limited sample size or differences in ethnicity.
The IDH1 and IDH2 enzymes are localized in the cytoplasm, peroxisomes and mitochondria. IDH1/2 play a part in the conversion of isocitrate to α-ketoglutarate and block the reduction of NADP + to NADPH. These enzymes also protect the cell against oxidative stress. There is evidence that IDH1 (R132) mutation is an event shared by all recurrent gliomas early in tumorigenesis (23) . Certain studies have reported that gliomas with mutations in one of the IDH genes have a better patient outcome than those with other gene mutations (15, 16) , and IDH1/2 mutations are recognized as positive prognostic biomarkers (25, 26) . The present study found that IDH1/2 mutations were most frequent in grade II, II-III and III gliomas. It is therefore reasonable to speculate that patients with gliomas of these grades with IDH1/2 mutations have a better prognosis than those without these mutations. The mutations may increase the survival of patients by enhancing cellular oxidative stress and reducing NADPH levels (10, 27) . Nevertheless, the large quantity of 2-hydroxyglutarate (2-HG) that is produced concomitantly by IDH mutant enzymes could facilitate malignant progression (28, 29) . However, the negative effect of 2-HG may be abrogated by the beneficial effect of IDH mutations. These findings indicate that mutant IDH enzymes may affect multiple pathways in glioma, which coordinate to influence patient prognosis.
The present study is a preliminary one. A larger sample size is required to validate the results of this study, and more studies to identify molecular targets and pathways that are influenced by IDH1/2 mutations are underway. Further information regarding the underlying mechanisms of these mutations in glioma is therefore expected in the future.
In summary, the present study provides further information regarding the role of IDH1/IDH2 mutations in brain gliomas in Chinese patients. IDH1/2 mutations are associated with grade II, II-III and III brain gliomas, and are possibly involved with the progression of brain gliomas from grade II to grade III. The majority of IDH1/2-mutant brain gliomas affected adults, rather than adolescents. Further studies are required to clarify the precise roles of these mutations in brain gliomas.
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